RESPONSE to physical exercise in man has been studied extensively. For any given workload, a predictable change in blood pressure, heart rate, and cardiac output has been shown to occur. Rushmerl has pointed out that the response of stroke volume to exercise, however, may be variable both in experimental animals and in man. He has also demonstrated that not only the amount, but also the direction of change in cardiac dimensions may vary in the exercising dog, thus indicating that the pattern of response cannot be readily predicted. In a preliminary report using radiocardiography, Cournand and associates2 demonstrated that the heart emptied more completely during physical exercise. In a recent study measuring cardiac dimensions by means of silver clips sewn on the heart of four postoperative subjects, Braunwald and associates3 showed that these dimensions diminished on the average of 3 to 5 per cent during supine leg exercise. It is the purpose of this report to present data obtained in 20 human subjects with minimal heart disease on the change induced by supine of clinical evidence and diagnostic cardiac catheterization. Ten subjects had no discernible heart disease; six had mitral stenosis of moderate degree with valve areas ranging from 1.2 to 2.2 cm.2; one patient had a small secundum-type atrial septal defect with a pulmonary:systemic blood flow ratio of 1.2:1; two patients had moderate, asymptomatic aortic stenosis with valve areas of 1.2 and 1.5 cm.2, respectively; one subject had mild systolic hypertension without recognizable cause. All were in sinus rhythm, and none had left ventricular hypertrophy or enlargement.
Methods
Catheters were placed in the left ventricle by either the retrograde or transseptal technic, and in the ascending aorta and a brachial artery. A beaded thermistor mounted on a radiopaque no.-4 vinyl catheter was threaded through the aortic catheter so as to protrude several millimeters into the blood stream immediately above the aortic valve. The thermistor was connected across a wheatstone bridge and thence to a recording circuit. Pressures were recorded via Statham P-23D strain-gages on a Sanborn no.-150 direct writer. Duplicate indocyanine green (dye) cardiac output determinations were made by injection into the left ventricle with sampling at a brachial artery. One output was carried out at the onset and the other at the termination of the aortic thermodilution curves. These outputs agreed within 9 per cent. In each state 5 to 15 thermodilution curves were measured by injecting 2 to 5 ml. of cool saline into the left ventricle ( fig. 1) The responses are subdivided into groups A (increased end-diastolic volume response to exercise); B (essenend-diastolic pressure was unchanged for the total group, and although average directional changes in pressure were similar to average change in end-diastolic volume in the three subgroups, these alterations were not significant. Figure 3 shows a plot of end-diastolic pressure versus diastolic volume. There were 12 concordant and four discordant directional responses. In four subjects the change in either value was too small to be properly assessed.
Left Ventricular Force
Systolic mean force showed essentially no change except in two of the five patients with increased end-diastolic volume ( fig. 4) . Changes in end-diastolic tension likewise were not significant except in the five in whom end-diastolic volume increased.
tially unchanged end-diastolic volume with exercise); and C (decreased end-diastolic volume response with exercise). ESV/EDV = end-systolic fraction. Note that with but few exceptions, the heart emptied more completely in all groups. (fig. 9 ).
Discussion

Response of Left Ventricle to Exercise
The results of these studies suggest that there are three major mechanisms participating in the cardiac response to exercise in the supine position. The first is an increase in heart rate. The second is an increase in inotropism. Ordinarily, this should reduce cardiac systolic and diastolic dimensions and result not only in reduction in initial or end-diastolic ventricular volume, but also an increase in the fraction of blood ejected, as well as an increase in the speed at which this volume is ejected for any given force. This "pure" response was seen in 15 patients (groups B and C). Thus, as described by Rushmer' and Braunwald and associates,3 the role of inotropic factors in the exercise response of nearly normal man would appear to be firmly established by these observations.
On the other hand, under certain conditions, a third factor appears to be operative-an increase in initial diastolic tension of the heart, i.e., Starling's law. In five patients, enddiastolic volume increased and a much greater stroke volume (and minute output) was expelled during exercise than at rest, in contradistinction to the other two subgroups. In addition to inotropic action, the increase in diastolic cardiac size and tension further enhanced both cardiac filling and emptying. In this regard in Braunwald's series,3 only a minor augmentation of stroke volume occurred in those patients in whom cardiac dimension decreased during exercise. These individuals are similar to our subgroups B or C.
The Starling mechanism would seem to be essential in those (fig. 4) . In most studies, systolic mean force Circulation, Volume XXXII, September 1965 changed little or increased, and ejection period (and time-to-peak force*), decreased. Therefore, increased systolic shortening rate indicated increased contractile element velocity. In groups B and C with no change, or actual decrease in end-diastolic volume, this implied a rightward shift in the force-velocity curve due to increased inotropism ( fig. 5) .
In group A, with increase in end-diastolic volume, the observed augmentation of contraction could have been due to the "Starling effect" as well as to inotropism.
Pressure Volume Relationships
Because true end-diastolic pressure could not be assessed during the stress of exercise, meaningful correlations between this pressure and changes in end diastolic volume are virtually impossible.t Nevertheless, it was striking that concordant alterations or no change in direction of response were seen in the majority of patients.
Myocardial Energy Requirements during Exercise
Previous investigators have demonstrated an increase in cardiac oxygen consumption in relation to various indices of force generation: tension-time index,13 cardiac-effort index,14 pressure-time,15 and force-time.'6 Such a relationship existed among the resting data in this study wherein for any given subject, the higher the pressure-time or forcetime at rest, the higher the oxygen consumption ( fig. 8) figure  3 were probably caused by this factor alone. size and mean systolic force did not change appreciably in the majority of patients, nor did pressure-time or force-time. On the other hand, mean fiber shortening distance, and in particular, the mean rate of shortening of the ventricle during systole, increased significantly. It would seem then that these experiments constitute indirect evidence that there is an energy cost related to the kinetics of cardiac contraction as well as to the force of cardiac contraction.
The increase in external mechanical efficiency seen in seven of 10 studies is consonant with previously reported observations in normal subjects. '7 19 In an engine of unchanged characteristics, efficiency tends to be fixed over its range of operation. Apparently, this is not true of the heart. There are various possible reasons for this. Britman and Levine7 have indicated that work done by the contractile element is different from, and greater than that done by the composite muscle fiber, which contains a series elastic component. These workers showed that as the ratio of external to total (or contractile element work) increased, external mechanical efficiency increased, presumably because oxygen consumption is most closely related to total or contractile element work. The ratio of external to total work increased with exercise in all but one of the patients, as did external mechanical efficiency. Consideration of the equations presented by Britman and Levine reveals that the amount of contractile element work done in excess of external or fiber shortening work will depend on mean cardiac size during systole. Thus, the ratio of the two will rise (and external mechanical efficiency increase), whenever the mean systolic volume decreases-all other factors remaining the same. Seven of the 10 subjects had a reduction in mean ventricular volume during exercise, suggesting this to be an important factor in explaining augmented cardiac efficiency herein observed. Consideration of activation energy (constant per beat), or of energy of shortening, only introduces added factors, theoretically increasing energy consumption in the exercising heart (which shortens through a greater distance more frequently per minute). This should lower rather than raise external efficiency, however.
Finally, the increase in efficiency may be more apparent than real, and may be related in part to the basal energy costs of the heart involved in metabolic synthesis and repair, etc. Kohn and Szymanski20 have reported oxygen consumption in the fibrillating heart of 3.63 + 15 ml./100 Gm./min. This could be reduced further by asystolic arrest, presumably eliminating energy of activation.
Positive intercepts on the "Y" or oxygen consumption axis of the work graphs (external and total work), have also been reported by others.7 '4 The fact that oxygen consumption may not be zero for zero work will obviously affect the slope of the efficiency curve as the basal energy requirement becomes a progressively smaller fraction of total energy consumption.
Conclusions
Twenty subjects with nearly normal left ventricles have been studied during rest and supine leg exercise, by left heart catheterization and use of aortic thermodilution technics.
It was demonstrated that the average enddiastolic volume for the group did not change during exercise, but that the ventricle emptied more completely to a smaller end-systolic volume and accomplished this in less time per beat than at rest.
The group could arbitrarily be subdivided into five subjects with significantly increased end-diastolic volume, seven with no significant change, and eight with reduction in end-diastolic volume. Stroke volume was increased most frequently in the group with increased end-diastolic volume. It is suggested that the response to supine exercise involves primarily increase in rate coupled with an inotropic stimulation of the heart, but that in some instances the Starling mechanism plays a distinct and important part by augmenting ventricular filling and emptying.
Energy consumption of the exercising heart could be correlated with those indices reflecting an increase in kinetics of fiber shortening rather than force or tension development, which changed little in these experiments.
The increase in external mechanical efficiency during exercise would seem to be due to reduction in mean systolic heart size (with increase in ratio of external to total work of fiber), and to the fact that the heart has a basal oxygen cost (which becomes a progressively smaller fraction of the total).
